Replication-defective adenoviral (RDAd) vectors can be generated at high titers and infect both dividing and nondividing cells. 
Successful gene therapy approaches require not only efficient transfer of the therapeutic gene to desired somatic tissues but also sustained expression of the therapeutic biomolecules. A wide variety of delivery vehicles have been used but each method has some major limitation (1) . The most extensively used vector system uses retroviruses because, on infection, the proviral DNA containing the foreign gene is integrated into the host chromosome. Unfortunately, infection by retroviral vectors requires the cells to divide, which limits their application for in vivo gene delivery (1, 2) . The adeno-associated viral vectors can infect nondividing cells and can integrate in the chromosome but have limited size capacity for the transgene. Additionally, large-scale production of adeno-associated viral vectors still faces considerable challenges. Recently, lentiviral vectors have been generated that have the ability to infect dividing and nondividing cells (3) . Furthermore, expression of the transgene can be observed in vivo for several months (4, 5) .
Recombinant adenoviruses, by virtue of their ability to transfer genes efficiently in vivo, have commanded considerable attention (6) (7) (8) . Enthusiasm for widespread use of adenoviral vectors, however, has been tempered by the associated cellular and humoral immune response problems (9, 10) . The cellular immunity is in part caused by activation of CD8 ϩ lymphocytes against cells producing adenoviral proteins and the product of the transgene (9) (10) (11) (12) (13) (14) (15) . Because the recombinant adenoviral vectors were devoid of E1A and E1B genes, it was a surprise that late viral mRNAs and proteins could be detected in the infected cell (9, 10) . Clearly, replicationdefective recombinant adenoviral (RDAd) vectors can bypass the requirement for viral transactivating (E1A) protein, particularly when infected at a high multiplicity of infection (moi) (16, 17) . Furthermore, animals injected with agents that block cytotoxic T lymphocyte (CTL) formation (e.g., immunosuppressive drugs or CTLA4Ig) show sustained production of the transgene (10, 18, 19) . Therefore, several investigators have argued that, if recombinant adenoviruses can be debilitated further-for instance, by the removal of E2A gene (DNA binding protein) or the generation of ''gutless'' vectors (removal of all viral coding region), expression of the transgene may be sustained (12, 15, 18) . Accordingly, infection with E2A deleted or gutless recombinant adenoviruses showed expression for longer time periods (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . Before investing extensive efforts to generate debilitated adenoviruses that are unable to synthesize viral proteins de novo and therefore may not induce CTLs, we asked the question of whether psoralentreated, UV-crosslinked, biologically inactive recombinant adenoviruses will generate CTLs on in vivo injection. Additionally, by using RDAd vectors containing mouse factor IX or mouse leptin cDNA, we investigated the previous proposal (32) that CTL response to RDAd virus infected cells was directed against the foreign (nonself) transgene product.
Here, we demonstrate that (i) CD8 ϩ and CD4 ϩ lymphocytes can be detected at the site of injection in muscle with biologically active or psoralen treated UV-crosslinked inactive RDAd vectors; (ii) i.p. injection of RDAd vectors expressing mouse leptin gene in obese (OB͞OB) mice leads to a dramatic weight loss and reduced food intake for 4-8 days; however, both the weight and food intake gradually returned to pretreatment level; (iii) both murine and canine factor IX RDAd vectors, on injection in hind leg muscle of either BALB͞c or B6 mice, recruited CD8 ϩ and CD4 ϩ lymphocytes at the site of injection, thereby ruling out the origin of the transgene as the sole basis of cellular immunity; and (iv) CTL assays show that splenocytes from mice transduced with either biologically active or inactive RDAd vectors can lyse target cells infected with a variety of RDAd vectors. We conclude that RDAd vectors do not require either viral replication or de novo viral protein synthesis to induce CTLs capable of lysing infected cells.
MATERIALS AND METHODS
Animal Procedures. Female C57BL͞6J OB͞OB, female wild-type C57BL͞6J, and female BALB͞c mice were obtained from The Jackson Laboratory and were handled in accordance with the institutional guidelines of the Salk Institute. The OB͞OB mice and the wild-type C57B6 mice were caged individually. 1 ϫ 10 12-week-old mice by i.p. injection. The mice were monitored for body weight and food consumption every 2 days. For i.m. administration, active or psoralen-inactivated RDAd vectors were diluted in 100 l of PBS and were injected into the hind leg muscles of anesthetized mice. To facilitate later isolation of the injected muscles, carbon black dispersion solution (FaberCastell, Newark, NJ) was added to the injected vector solution before injection. For i.v. administration, purified RDAd vectors were diluted in 100 ml of PBS and were injected into the tail vein. The levels of canine factor IX were determined in mouse plasma, and culture media were determined by ELISA (32) .
Adenoviral Vectors. The ob adenoviral vector containing mouse leptin cDNA was a gift from Izumo Saito (Univ. of Tokyo). The mouse leptin cDNA [nucleotides 109-621 (33)] was expressed under the control of the CAG promoter as described (34) . The construction of the RDAd AxCANLacZ that expresses the nuclear localized LacZ under the control of the CAG promoter and the Adex100 vector from which no transgene is expressed has been described (34, 35) . RDAds expressing either canine or murine factor IX were constructed as described (10, 36) .
Inactivation of RDAd Vectors. The protocol used in this study to inactivate RDAd vectors was based on a method described by Cotten et al. (37) . Purified RDAd vectors were diluted in PBS solution containing 50% glycerol and 250 g͞ml 8-methoxypsoralen. The diluted vectors were UV irradiated for 1h by Stratagene Eagleye UV transilluminator, which was placed in a distance of 3 cm from the coverless 3.5-cm plate containing the RDAd solution. The irradiated vector was kept on ice throughout the procedure. Psoralen was removed by two 12-h rounds of dialysis against PBS solution containing 10% glycerol. The efficiency of inactivation was determined by infecting 10 5 HeLa cells with the inactivated RDAd vectors at a moi of 50. The expression of the inactivated LacZ and canine factor IX transgene in the transduced HeLa cells was assayed by ␤-gal staining and factor IX ELISA, respectively.
Production of Effector Cells. Mice were infected with 10 9 units of the indicated virus 3 weeks before being killed. Spleen cells were prepared as single cell suspensions in complete RPMI (RPMI 1640 supplemented with 10% fetal calf serum, 25 mM Hepes, 2 mM glutamine, 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol, and 50 g͞ml gentamicin) at a concentration of 6 ϫ 10 6 cells per milliliter. Stimulators were irradiated with syngeneic spleen cells (3,000 rads) infected with 1 ϫ 10 8 units of RDAd vector per 107 cells and were resuspended at 6 ϫ 10 6 cells per milliliter. Mixtures of 1 ml each, stimulators and responders, were co-cultured in 24-well tissue culture plates for 6 days at 37°C in a humidified atmosphere of 5% CO 2 .
Cytotoxicity Assay. Target cells were incubated with 200 C of 51 C␥ of sodium chromate for 1 h. Viral-infected targets also received the indicated viruses (moi of 50). Target cells were washed three times, were resuspended in complete RPMI, and were seeded into 96-well plates at 10 4 cells per well in 100 l complete RPMI medium 1640. Effector CTL were harvested and washed three times in complete RPMI and were seeded into duplicate wells containing the appropriate target cells at various E:T cell ratios, making a final volume of 200 l. Plates were incubated at 37°C in a humidified incubator with 5% vol͞vol CO 2 for 6 h. Plates were centrifuged, and 100 l of supernatant was removed from each well to assess isotope release by using a gamma-irradiation counter. The percent specific lysis was determined by the formula: percent specific lysis equals (sample release minus spontaneous release over maximum release minus spontaneous release) times 100. All cytolytic analyses described in this work were performed at least three times.
Immunohistochemistry. Transduced muscle tissue was identified by charcoal staining and was isolated from the hind legs of injected mice. Isolated tissue was frozen in a freezing medium without prior chemical fixation and was sectioned serially on a freezing microtome. The presence of CD ϩ 4 CD ϩ 8 lymphocytes in the transduced tissue was determined by immunohistochemistry. The sections were blocked in 10% normal goat serum for 30 min, were washed three times with PBS, and were incubated with rat anti-mouse CD8 antibodies.
RESULTS

RDAd Vectors Expressing Self or Foreign Transgene Recruit CD ؉ 4 and CD
؉ 8 Cells To Transduced Tissues. To study the role of transgene product in the induction of the immune response against RDAd transduced cells, we injected 10 9 units of RDAd expressing either murine (self) or canine (foreign) factor IX genes into the hind leg muscle of BALB͞c mice. Additionally C57BL͞6 (B6) and obese (OB͞OB) mice were injected with RDAd expressing murine leptin gene. The animals were killed 5 or 12 days after injection, and the transduced muscle tissues were immunostained for CD4 ϩ and CD8 ϩ cells. As shown in Fig. 1 , lymphocyte infiltration at the injection site was independent of the nature of the transgene. Similar levels of lymphocyte infiltration were observed when BALB͞c mice were injected with RDAd expressing either canine or murine factor IX ( Fig. 1 A-D) . No differences in lymphocyte infiltration were observed in the injected muscles of wild-type B6 or OB͞OB (B6 background) mice after transduction by RDAd viruses expressing murine leptin gene ( Fig.  1 E-H) . These data indicate that the recruitment of lymphocytes at the site of injection in the transduced tissues after infection with RDAd vectors is independent of the nature or origin of the transgene as well as strains of mice.
RDAd Transduced Cells Are Lysed by Infiltrating Lymphocytes. Although the RDAd transduced tissues were infiltrated with CD4 ϩ and CD8 ϩ lymphocytes independent of the nature of the transgenes being expressed, it was not clear whether the infiltrating lymphocytes can lyse the transduced target cells. We injected B6 mice i.m. with 10 9 units of RDAd vector expressing murine leptin gene. Splenocytes obtained from the mice 3 weeks after injection were stimulated in vitro with RDAd virus-infected cells. The effector cells were used in chromium release assay that measured CTL response against histocompatibility complexmatched target EL4 cells. The target cells were infected with RDAd vectors containing transgene. Fig. 2 shows that splenocytes from RDAd-murine leptin-infected B6 mice were highly effective in lysing RDAd transduced target cells. Furthermore, target cells expressing either murine leptin or mouse or canine factor IX also lysed as efficiently (data not shown). Because target cells transduced with RDAd vectors containing no transgene were lysed, we propose that the cellular immune response was elicited mainly against viral antigens as has been described (refs. 18 and 19) . Although the splenocytes obtained from the RDAd injected mice demonstrated CTL activity against transduced target cells in vitro, we could not estimate the extent of the immune response in vivo.
Loss of Biological Effect in Murine Leptin-RDAd-Infected OB͞OB Mice. To evaluate the extent of the immune response against RDAd transduced cells in vivo, we measured the biological effects in OB͞OB mice after infection with murine leptinRDAd vector. Five OB͞OB mice were injected i.p. with 10 9 units of RDAd vector-expressing murine leptin gene under the control of the CAG promoter. As a control, we injected five OB͞OB mice with 10 9 units of RDAd vectors expressing the murine factor IX. Both the food intake and the weight of the mice were measured every 2 days and served as an indicator of biologic activity of leptin gene product. There was no significant change in food intake and body weight of the mice injected with murine factor IX-expressing RDAd vectors (Fig. 3 B and D) although mice injected with RDAd vectors expressing leptin exhibited dramatic changes in both food intake and body weight (Fig. 3 A and C) . During the first 4 days after injection, dramatic decline in food intake of all mice was observed (Fig. 3A) . Two of the five mice injected with the leptin-RDAd vectors did not eat at all whereas the food consumption of the other three mice was Ͻ10% of their regular food intake. No dramatic changes in food intake were observed between day 4 and day 8 after injection, after which continuous increase in food intake was observed, eventually returning to pretreatment levels between 2 to 3 weeks after injection. The lack of food intake was reflected in the changes in body weight because all mice lost Ϸ30% of their body weight during the first 10 days (Fig. 3C) . However, after 10 days, a steady increase in body weight could be observed (Fig. 3C) . Within a month and a half, all of the mice reached their pretreatment body weight. These results, combined with the results of lymphocyte migration and CTL assays (Fig. 1, 2) , suggest that the cellular immune response induced after infection with RDAd vectors in immunocompetent mice was efficient enough to eliminate most of the transduced cells and, consequently, the loss of expression of the leptin gene product. Although we have no formal proof that lack of expression of the leptin gene is caused by the shut off of transcription, it is very unlikely because in nude mice expression of foreign gene product was observed for Ͼ360 days (10) .
De Novo Synthesis of Viral Proteins Is Not Necessary for Eliciting the Immune Response. The CTLs that eliminated RDAd transduced cells were most likely against the viral proteins (Fig. 2) . It was, therefore, important to determine whether synthesis of viral proteins is required de novo in the target cells or whether the incoming viral proteins in the inoculum were sufficient to induce an immune response. To answer this question, we investigated whether RDAd vectors that expressed either LacZ or canine factor IX gene can induce an immune response after being inactivated by UV irradiation in the presence of psoralen. This treatment results in the crosslinking of the viral DNA and consequently prevents transcription, gene expression, and replication from these vectors (37) . Our criteria to evaluate the potency of the inactivated RDAd vectors to induce an immune response were (i) their ability to recruit CD4 ϩ and CD8 ϩ cells to the transduced tissue and (ii) the induction of CTL response against major histocompatibility complex-matched target cells that were infected with active or inactivated RDAd. The titer of the inactivated vectors was measured by their ability to induce cytopathic foci on 293 cells (which make E1A protein), which dropped from 10 10 units per milliliter before vector inactivation to Ͻ10 2 units per milliliter (the lowest dilution that could be assayed). To have a more quantitative evaluation of the inactivation procedure, we measured the amount of factor IX protein secreted in HeLa cells infected with the inactivated vector at a moi of Ͼ10. The amount of canine factor IX secreted into 10 ml of media by 10 6 infected cells in 48 h was below detection level by ELISA (100 pg͞ml) as compared with Ͼ2 g͞ml by untreated vector, indicating that the inactivation procedure was very efficient. The inactivated vectors (10 9 units) were injected into the hind leg muscles of BALB͞c mice. Immunostaining of the transduced muscles 5 and 10 days after injection demonstrated extensive infiltration of CD4 ϩ and CD8 ϩ lymphocytes ( Fig. 1 I  and J) . The levels and kinetics of lymphocyte migration were similar to that observed with active RDAd vectors ( Fig. 1 A-H) . No lymphocyte infiltration was observed when bovine serum albumin was injected in the muscle (Fig. 1 K and L) . These data support the notion that de novo synthesis of viral proteins was not a prerequisite for the infiltration of lymphocytes to tissues trans-
FIG. 1. Lymphocyte infiltration at the injection site. Histological sections taken from the hind-leg muscles of BALB͞c (A-D and I-L),
C57͞black (E and F), and OB͞OB (G and H) mice 5 days after being injected i.m. with 10 9 units of Ad CMV-mF9 (A and B), Ad CMV-cF9 (C and D), Ad CAG-mLeptin (G-J), or 100 mg of BSA (K and L). The muscle tissue was harvested and snap frozen in OCT. Cryosections were cut and stained with primary antibodies to murine L3T4 (CF4) and Ly2 (CD8) (PharMingen), followed by a biotinylated secondary antibody and an avidin-biotin-peroxidase complex (Vector Laboratories) and then were visualized by using diaminobenzidine as a chromogen. The black grains in all of the sections are the charcoal dye that marked the injection sites. HeLa cells or mouse embryo fibroblasts were infected with inactivated vector at a moi of 50, no ␤-galactosidase positive cells were observed (Fig. 4 B and  D) . Thus, there was no detectable transgene expression from the inactivated vector. Mouse embryo fibroblasts infected with active or inactive RDAd vectors were used as target cells. Fig.  5 shows that effector cells from mice infected with either active or inactive LacZ RDAd are able to lyse target cells (Fig. 5 A  and B) . When CD8(Ϫ͞Ϫ) ''knockout'' mice (39) were infected with either active or inactive virus, no specific lysis could be detected (Fig. 5 C and D) . The CTL assays were specific for CD8 ϩ lymphocytes because overall lysis was not affected by treatment with anti-CD4 ϩ sera (Fig. 5 E-H ) whereas no lysis was observed when anti-CD8 ϩ sera was used (Fig. 5 I-L) .
It is worth pointing out that the extent of lysis of the target cells is greater when the effector cells were obtained from animals infected with active RDAd. Furthermore, target cells infected with active RDAd were lysed more efficiently than those infected with inactive RDAd (Fig. 5 A and B) . Though the overall lysis of target cells was less efficient when effector cells were generated from mice infected with inactive RDAd, there was little difference in the extent of lysis of target cells infected with either active or inactive RDAd vectors (Fig. 5 B  and F) . Taken together, these results suggest that not all antigenic epitopes present in cells infected with active RDAd are expressed in cells infected with inactive RDAd. We conclude that de novo synthesis of either viral or transgene is not obligatory to induce cellular immune response to cells infected with RDAd vectors.
Induction of CTLs Is Independent of Route of Infection. It is possible that efficiency and extent of induction of CTLs is influenced by the site of injection with RDAd vectors. We therefore injected 10 9 units of ␤-gal-RDAd i.m., i.v., or i.p. in C57BL6 mice. Splenocytes obtained from infected mice were used as effector cells, and mouse embryo fibroblasts infected with active or inactive ␤-gal-RDAd were used as target cells. Fig. 6 shows cell lysis in all cases, and, as before, the extent of lysis was higher when the target cells were infected with active virus. (10, 40) . Furthermore, repeated injections with RDAd vectors are hampered severely by the antibodies to the viral proteins. Long term expression from RDAd vectors can be achieved in nude mice or by using immunosuppressive drugs (10) . If the immune response to transduced cells can be overcome, adenoviral vectors will have a great potential for in vivo gene delivery.
DISCUSSION
Role of the Transgene. The product of the transgene was suspected to be the principle cause of cellular immune response (32) . Although it may be true that transgene products can elicit a CTL response, our data shown here with self (murine) or foreign (canine) transgenic proteins (Fig. 1) , however, indicate that adenoviral proteins may be a more likely culprit. Both lymphocyte infiltration and CTL lysis observed after infection with RDAd containing either self or foreign transgene was indistinguishable. Recently, it has been shown that infection by gutless adenoviral vectors containing the LacZ gene in LacZtransgenic mice lead to long term expression, suggesting tolerance in mice producing endogenous ␤-gal protein (23) . Our data, however, are not comparable with these results because (i) the titers of LacZ gutless vectors were 10 7 units per milliliter (compared with 10 9 units per milliliter used here) and, more importantly, (ii) neonatal (4-day-old) mice were injected. It has been shown by many investigators (10) that infection of neonatal mice by RDAd vectors does not elicit a cellular immune response.
Role of Viral Proteins in Immune Response. The first generation of RDAd vectors was not completely replicationdefective and, indeed, synthesized late viral mRNA (10) . However, the inability of the second and third generation of vectors that were unlikely to synthesize any viral protein to exhibit sustained expression of the transgene prompted us to ask whether the incoming viral proteins in the inoculum may be directly responsible for generating CTLs.
The ability of the psoralen-treated, UV-crosslinked RDAd vectors to generate CTLs lends strong credence to the notion that (Fig. 4) , it was a surprise to find extensive CD8 ϩ and CD4 ϩ lymphocyte migration at the site of the injected tissue. Additional evidence of the role of viral proteins in cellular immunity is furnished by CTL assays by using either target cells infected with inactivated RDAd (Fig. 2) or effector cells generated after injection of inactivated RDAd (Fig. 5) . Presumably, the inactivated RDAd vectors are released from endosomes (41) and undergo cytosolic processing mechanisms akin to conventional major histocompatibility complex-1 processing and presentation of the peptide to the surface of the infected cell. Inactivated RDAd vectors also may stimulate CTLs by cross-presentation (42) (43) (44) . It is likely that the machinery used for conventional major histocompatibility complex-1 processing pathway is used by inactivated RDAd vectors, except that the viral proteins are delivered to the cytosol by endocytosis rather than de novo synthesis. It has been shown that cytomegalo virus (CMV)-specific, class I-restricted CTL response in individuals latently infected with CMV is predominantly specific for selected structural viral proteins introduced into the cell after viral penetration and that efficient recognition occurs in the absence of de novo viral synthesis (45) .
Gene Therapy. Recently, long term expression has been achieved with gutless Ad-vectors (31) . In these vectors, essentially all of the viral coding domain has been removed and replaced by genes of interest and ''stuffer'' DNA to make the correct size of adeno DNA for packaging (31) . However, the infecting inoculum still contains all of the viral proteins capable of generating CTLs. Yet several groups have shown long term expression in vivo after infection with gutless vectors. This raises the issue as to how some cells infected with gutless Ad-vectors escape immune recognition. It is possible that, although infection by a gutless virus produces CTLs (T.K., unpublished data), some infected cells are not recognized and allow long term production of the transgene. Additionally, although CTLs are generated against specific viral peptides, the effector cells produced may not be able to recognize cells infected by gutless RDAd vectors as target cells. The adenospecific peptide on the infected cell eventually will disappear because of the normal turnover of class 1 molecules and will escape lysis by CTLs. Thus, these CTLs may be operational only if new viral infections are carried out.
The data presented, here however, have wider implications for adenoviral-based gene therapy approaches. We argue that the incoming viral proteins, at least at titers of 10 9 units per milliliter, induce and recruit sufficient CTLs, which may eliminate the transduced cell and consequently the loss of the transgene expression. There are, however, other strategies that can bypass this problem: for example, transient subversion of the host immune system by blocking the function of co-stimulatory molecules (19, 23, 40) or the use of immunosuppressive drugs (10, 18) . Alternatively, strong tissue specific promoters can be used to transcribe the foreign gene that will reduce the titers of RDAd vectors required for generating therapeutic amounts of the transgenic product. The currently available RDAd vectors remain extremely useful for introducing foreign genes in which only transient expression is required: for instance, cancer therapy and blocking or augmenting expression during development and differentiation. For sustained production of the foreign protein or readministration of the foreign gene, the adenoviral vectors still face a formidable challenge.
